extends as far north as Cook Inlet and Bristol Bay (Bering Sea), and is of particular interest because the pups, unlike those born with lanugo hair, may enter the water within a few hours after birth. They are not only exposed to cold water, presumably well below their critical temperature, but the hair becomes wet and they may then be subjected to further cold stress from evaporative cooling after emerging.
From the results of metabolic determinations made by Irving and Hart (9, 10) on 3-to 7-mo-old Atlantic harbor seals it can be inferred that newborn pups partially compensate for cold with a high resting metabolic rate. The pups studied by Irving and Hart had a welldeveloped layer of blubber, in contrast to the very lean condition of newborn seals, and we postulated that newborn pups, because of their relative lack of fat and smaller size, must have very high resting metabolic rates. In addition to obtaining metabolic information, this study supplies information on the thermoregulation of young seals in air under varying natural and laboratory conditions. Portions of this work have appeared in abstract form (15) .
METHODS
Five newborn (less than 3 days old) harbor seal pups were captured from a population of Phoca vitulina richardi near the northern limit of their range at Izembek Lagoon, at the tip of the Alaska Peninsula (southeastern Bering Sea). Age was estimated from body size and weight, tooth development, and condition of the umbilicus (2, 3). Several of the pups captured were still covered with pieces of amniotic membrane, blood, and amniotic fluid and were judged to be only hours old. Lack of subcutaneous fat is undoubtedly a critical factor in thermoregulation of young pinnipeds, and for the purpose of this study we have classified seals less than 5 wk old as "pups".
All such pups had less than 1.7 cm of subcutaneous fat (blubber) on the dorsum as determined at autopsy. As Elsner et al. (6) have shown for the Weddell seal, blubber can be accumulated at a very high rate following birth. In nature, the harbor seal gains an average of 20 lb between birth and weaning, most of which is blubber (3). Our pups did not gain rapidly until weaned, probably because of the fact that food was withheld an average of one day out of four for basal metabolism tests, and because of the artificial diet and general stress of testing.
Pups in the < 5-wk-old category were thus morphologically (and insulatively) very similar to newborn animals. We refer to pups less than 4 days old as "newborn"
To provide additional data on seals comparable in age to those studied by Irving and Hart (9, 10) one of the pups (no. 3) was maintained in captivity until his weight had more than doubled (3 mo). In addition, three seals in the 3-to 5-mo age group were obtained from Izembek Lagoon.
So that body temperatures could be studied under relatively natural field conditions, three pups were kept in a large fenced enclosure within the tidal zone at Izembek Lagoon. Tidal movement made sea water available about 75 % of the time. A hauling-out place was always available. Skin temperatures of pups in the field were obtained with a fine thermocouple mounted on a holder that allowed the sensor to be pressed lightly against the skin. Rectal temperatures were taken with a thermistor probe inserted 15 cm and allowed to equilibrate for about 30 sec. Seals returned to the laboratory for study were kept in a temperature-controlled room approximating average air temperature of the capture area (10°C). They had constant access to a 1,000 liter tank of fresh water. The pups were fed a liquified homogenate of fish (smelt), oil in the form of heavy cream or safflower oil, vitamins, and, in some cases, added water. Food was given by stomach tube until the seals were old enough to take whole smelt. With two exceptions the pups did well in captivity and all were healthy at the time the experiments were performed. Tests were made on five seals between 1 and 5 wk of age (pups), and on four seals between 3 and 5 mo old. Metabolic tests were made by determining oxygen uptake in an open circuit system using a paramagnetic oxygen analyzer (Beckman F3) without carbon dioxide absorption (5). Flow rates were maintained so that carbon dioxide levels in the outlet air were usually 0.2--0+6 %. The metabolism chamber was large enough to permit the seals to move around and assume any position desired. Metabolism runs were made with the seals in a postabsorptive state, 17-20 h after feeding. Skin temperature as a function of ambient temperature is plotted for pups and 3-to 5-month-old seals in Fig. 4 . It is apparent that the flippers of the pups cooled in a nearly linear manner as ambient air temperature decreased from 30 to 0 OC+ In air below 0°C the flippers tended to remain at l-3 "C, especially in older animals.
Metabolism and thermal conductance. Oxygen consumption of seal pups at air temperatures from -15°C to 35°C is shown in Fig. 5A . Average body wt of the five animals tested was between 10.0 and 12.9 kg and remained stable throughout the test period (Table 2) . From the oxygen uptake curve the lower critical temperature for pups is about 3°C and the basal metabolic rate is 0.8 ml 02 g-l h-l. Because of the possibility of freezing the flippers, pups were not exposed to air temperatures below -15°C for prolonged periods. Shivering was seen in at least two animals on several occasions when ambient temperature dropped below -10°C but, in general, shivering was not a visible means of increasing heat production. Extensive oxygen upta.ke determinations were not made on 3-to 5-month-old seals (Fig. 5B ) but enough tests were done to allow comparison with previous work (9, 10) and data from pups. Oxygen uptake at rest was about 0.5 ml O2 g-l h-$ and the lower critical temperature was ap-ma1 at or slightly above critical temperature as determined from the oxygen uptake curves. proximately -5°C. In one test made at 30"C, body temperature rose from 37.0 to 39.3 OC over a period of 1.5 h, but no increase occurred in oxygen uptake. In another test at 31 OC the rectal temperature rose to 41 OC with only a slight rise in rate of oxygen uptake. In both tests the seals remained very quiet, and this behavior was typical of most animals exposed to higher air temperatures.
Total thermal conductance values were calculated from resting oxygen consumption and the difference between deep body and air temperature using the expression (8) c = M/T,, -T,, where C is total conductance, M is total heat production or metabolism expressed as ml 02 g-l h-l, T,, is rectal temperature, and T, is ambient temperature (Fig. 6 ). Steady-state requirements were fulfilled for all points at 30°C or below, but for four values above 30°C air temperature (points marked with an asterisk) body temperature may have been slowly increasing. In general the smaller, pup seals had higher conductance values at any given air temperature than animals several mo old. It is obvious that conductance had become mini- and a high metabolic rate would provide one means of (17), and is kept within a range of & 1 "C under conditions maintaining body temperature in cold water. However, ranging from calm and sunny to high winds, rain and nearit should be noted that the widely-quoted observations of freezing temperatures. Just as in the older but still immature Irving and Hart (9, 10) on harbor seal metabolism were harbor seals studied by Irving and Hart (9, lo), mainmade on young, 3-to 7-month-old animals, and it is tenance of deep body temperature is accomplished by known that young, growing mammals have a high metabolic varying peripheral tissue temperatures to promote heat rate for their size (1, 12) Oxygen uptake of the 0.5-to lconservation or heat loss, depending on ambient condimonth-old harbor seals in the present study was about tions, Even at the northern limit of the range of nonlanugo 60 % higher than in Irving and Hart's seals, but our 3-to harbor seals, air temperatures rarely fall below freezing 5-month-old animals, comparable in age to those tested by during the pupping season (May-July), and, in spite of Irving and Hart, had metabolic rates that were identical the restricted situation imposed by the test chamber, seal with their animals. This was so in spite of the fact that our pups could tolerate air temperatures to -17°C for short seals were unrestrained and postabsorptive, which would periods without danger of appendages freezing. At such an tend to minimize oxygen uptake. Irving et al. (11) in very young fur seals. Newborn fur seals also have wettable fur, and in water the flippers and skin on the posterior body rapidly cool to the temperature of the water. In air, however, when the fur is dry, temperatures of body skin and even flippers are maintained at a much higher level than in the harbor seal (1 l), giving the fur seal a thermal advantage in cold weather as long as it keeps its fur dry. It is obvious that metabolic studies of newborn fur seals would provide useful comparative data. Although the appendages of newborn seals may cool to the freezing point or even supercool in air at -15 "C, it is apparent that vasomotor control is maintained. This is shown by the tendency of the flippers to maintain subcutaneous temperatures near 0°C. By the time pups are 3 mo old they are able to sustain flipper temperatures above 0°C over a wide range of subzero air temperatures down to -40°C'. Such capability is of obvious value to seals that may be exposed to low air temperature during winter. Pups born in June would be 5-10 mo old at that time, The ability of peripheral nerves of hair seals to function at temperatures down to -5°C has recently been described (14), which indicates that sensory reception and vasomotor and muscular control, even in supercooled tissues, is possible.
An indication of the extent and importance of peripheral cooling in harbor seal pups as a means of increasing insulation is provided by a comparison of the temperature curves for conductance (Fig. 6 ) and metabolism (Fig. 5A) . Metabolism remained constant between 30 and 3"C, while total conductance decreased from about 0.10 to 0.02 ml O2 g-l h-l 'C-l, a fivefold change. Such a change could only result from a decrease in the temperature of peripheral tissues, which would, in turn, depend upon peripheral vasomotor changes. Major alterations in posture could theoretically contribute to an overall decrease in conductance, but no such postural changes were seen+ The fact that conductance decreased to a si milar extent in awake and sleeping seals between 20 and 3°C indicates that variations in activity and posture were not important factors in altering heat loss.
Although harbor seals in the southern Bering Sea-North Pacific region are seldom, if ever, exposed to air temperatures near their upper critical (25-3O"C), the effect of solar insolation may impose some heat stress on calm, sunny days. Newborn pups near the southern limit of the range must frequently u ndergo heat stress, but it is interesting that the behavior of the pups at higher temperatures tends to minimize heat gain. Our observations show that at temperatures above upper critical the seals become very quiet and relaxed and frequently sleep, thus keeping metabolism to a minimum. The value of sleep in reducing metabolism in the California sea lion at high ambient temperatures has recently been noted by Matsuura and Whittow (13), who found that oxygen uptake was reduced 24 % at a rectal temperature of 38.9"C. Several seal pups in the present study underwent a 35 % decline in metabolism during sleep.
